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Context. Molecular oxygen, O2, has been expected historically to be an abundant component of the chemical species in molecular clouds and, as 
such, an important coolant of the dense interstellar medium. However, a number of attempts from both ground and from space have failed to detect 
O2 emission. 

Aims. The work described here uses heterodyne spectroscopy from space to search for molecular oxygen in the interstellar medium. 

Methods. The Odin satellite carries a 1. 1 m sub-millimeter dish and a dedicated 1 19 GHz receiver for the ground state line of O2. Starting in 2002, 

the star forming molecular cloud core p Oph A was observed with Odin for 34 days during several observing runs. 

Resu/fs. We detect a spectral line at vlsr = +3.5kms"' with Avfwhm = 1.5 km s"', parameters which are also common to other species associated 
with p Oph A. This feature is identified as the O2 (A'j = 1 1 - lo) transition at 118 750.343 MHz. 

Conclusions. The abundance of molecular oxygen, relative to H2 , is 5 x 10"^ averaged over the Odin beam. This abundance is consistently lower 
than previously reported upper limits. 

Key words. ISM: individual objects: p Oph A - clouds - molecules - abundances — Stars: formation 



1. Introduction 

O2 is an elusive molecule that has been the target of two re- 
cent searches usi ng the Su bmillimeter Wave Astronomy S atellite 
'k> ; (SWAS. iGoldsmith et al.L I2OOOI) and Odin (iPagani etal.Ll2003h . 
5_] ■ Previous attempts i ncluded the search fo r O2 with the balloon 
d ' experiment Pirog 8 dOlofsson et al.L[T998h and the search for the 
rarer isot opomer '^O'^O with t he Radio telescope millimetrique 
POM-2 dMarechal et al.L Il997h and the Caltech Submillimeter 
Observatory (CSO) (van Dishoeck, Keene & Phillips, private 
communication) from the ground. These unsuccessful searches 
implied ve ry low O2 a b undan ces, a highly intriguing result 
which led iBergin et al.l ( |2000|) to make several suggestions 
aimed at understanding the low O2 abundance. A number of sub- 
sequent chemical models focused on innovative solutions to un- 
derstand the interstellar oxygen chemistrv (e.g.. | Charnlev et al 
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Roberts & Herbst, 2002; Spaa ns & van DishoecM. 12001 
Viti et al. , 2001; Willacy et al, 2002). 



As these models had to rely on upper limits and, as such, 
were not very well constrained, it seemed likely that an actual 
measurement of the O2 concentration would increase our under- 
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Standing of molecular cloud chemistry. For this reason, Odin has 
continued the time-consuming task of observing O2. Here, we 
report on our renewed efforts to detect O2 toward p Oph A. First 
results have been announce d previously by lLarsson et al ] (l2005h 
and by iLiseau et"aL I (I2005h : however, in this paper, we also ac- 
count for additional data which were collected in 2006. 



2. Odin observations 

The O2 observations were done in parallel while Odin was map- 
ping the p Oph A cloud in molecular lines in the submillimeter 
bands (submm). These observations were made in August 2002, 
September 2002, and February 2003 during 20 days of satellite 
time (300 orbits), with an additional 200 orbits in February 2006. 
Due to Earth occultation, only two thirds of the 97 min orbit are 
actually available for astronomy. The total on-source integration 
time was 77 hours in 2002, 52 hr in 2003, and finally 68 hr in 
2006. 

At the frequency of the O2 {Nj = li - lo) line 
(118 750.343 MHz), the beam of the 1.1m telescope is 10' 
(Fig ID- This large beam implies that the Odin pointing un- 
certainty (< 15") is entirely negligible for the O2 observa- 
tions. In the submm mapping mode, the O2 beam moved by 
less than 1/5 of its width with respect to the center position at 
RA = 16''26™24!'6 and Dec = -24°23'54" (J2000). The observed 
off-position, supposedly free of molecular emission, was 900" 
north of these coordinates. 
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Fig. 1. The 10' Odin beam at 119 GHz, the frequency of 
O2 {Nj = li - lo), i s shown as the larg e circle su perposed onto 
the 4 50 /^m map by iHargreavesI (l2004h (see also [ Wilson et aT 



Il999l) . At the distance of 145 pc jde Zeeuw et all |1999[) . the 



beam size corresponds to 0.4 pc. A few discrete sources are la- 
belled. The observations were centered on RA = 16'^26'"24?6, 
Dec = -24°23'54" (J2000). 



The observing mode was Dicke-switching with the 4°7 
sky-b eam pointing off by 42° jFrisk et al.L 120031; lOlberg et all, 
l2003b . The front- and back-ends were, respectively, the 1 19 GHz 
receiver and a digital autocorrelator (AC) with resolution of 
292 kHz, channel separation 125 kHz (0.32 km s ' per chan- 
nel) and bandwidth 100 MHz (250 kms '). The 11 9 GHz mixer 
is fix ed-tuned to suppress the undesired sideband jFrisk et al.L 
l2003h . Individual spectral scans were 5 s integration each. The 
system noise temperature, Tjys, was 650 K (single sideband) in 
2002 and 750 K in 2003. In 2006, the T,y, had increased sig- 
nificantly to 1 100 - 1 300 K, so these data did not provide any 
improvement to the signal-to-noise ratio. 

In contrast to the Odin O2 search by iPagani et al.l (l2003l) . 
the receiver was no longer phase-locked during the observations 
of pOph A reported here. However, Odin 'sees' the Earth's at- 
mosphere for a third of an Odin revolution. Accurate frequency 
standards are thus provided by the telluric oxygen lines. 



3. The data reduction 

The data reduction method is described in considerably greater 
detail in Appendix A. For the purpose of the following dis- 
cussion, it suffices to mention that, because of dramatic fre- 
quency variations and receiver instabilities, roughly 50% of the 
O2 search data were of too low quality and therefore not included 
in the final merged spectrum (see Fig.|2]i. The calibrated spectral 
data are given in the Ta scale. The in-flight main beam efficiency 
of Odin in the mm-regime, i.e. at 119 GHz, is unknown, but is 
expected not to be much worse than the submm ma in beam ef- 
ficiency, which has been deter mined as ?7n,b = 0.9 ( iFrisk et al.L 
l2003HHialmarson et al.Ll2003l) . 
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Fig. 2. The Hanning-smoothed O2 line spectrum is shown in 
the b ottom panel and com pared to Odin H20(li - lo, 1) line 
data (iLarsson et al.L l2007l) . to C"^0(3 - 2) and CO (3 - 2) 
from the JCMT-archive, and t he C 158q' recombination line from 
iPankonin & WalmslevI (Il978l) . The H2O spectrum represents the 
average of the part of the p Oph A cloud mapped with Odin 
(slightly larger than 5'x4'). The C'^O spectrum (15" beam) 
refers to a pointed observation toward the Odin center coordi- 
nates, while the CO spectrum is that of the 3^5 x 10' (at PA=45°) 
CO (3-2) map convolved with the 10' Odin beam. The displayed 
spectrum of the C 158q' recombination line refers to the average 
of 4 map positions covering about 10' x 10'. Vertical dotted lines 
are shown at vlsr = H-3.0kms"' and +4.5 km s"', respectively. 



4. Results 

A part of the O2 spectrum is shown in Fig.|2] where it is also 
compared to other spectral lines. At the t op, the observation of a 
recombination line of carbon is shown ( iPankonin & WalmslevL 
il9J8). Below that, the spectrum of the CO (3 - 2) fine from 
the JCMT archive (James Clerk Maxwell Telescope) shows 
the spectrally resolved CO emission averaged over the mapped 
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Fig. 3. The normalized antenna temperature noise distribution. 
To render the data points statistically independent they have been 
reduced into bins containing 5 channels. As shown in the fig- 
ure, the statistics of the noise (histograms) are all consistent with 
Gaussian distributions (smooth lines). The letters A and B desig- 
nate two independent data sets and the entire data set is displayed 
at the bottom of the figure. The respective 4cr and 5cr locations 
of the O2 line are shown by the filled-in symbol of the observa- 
tions. 

pOphAcloud. The observation in C'^0(3 - 2) is toward the 
center position of the Odin map and the spectrum of the mapped 
H20(li,o - lo. 1) line (Larsson et al., 2007) is displayed below 
the CO data. It is noteworthy that the O2 emission feature shares 

Table 1. Results for O2 observations of pOph A 



Parameter^ Value* 



Gaussian fit 

VLSR.o (kms-') 3.5 ± 0.3 (±0.5)* 

To (mK) 17.4 ±0.1 (±0.5)* 

Avfwhm (kms-') 1.5 ± 0.4 (±0.5)* 

Trm, (mK) 3.1 

S/N 5.6 

Data 5 channels rebinned 

To (mK) 16.0 

r,„,, (mK) 2.7 

S/N 5.9 

Jrdv (mKkms-') 24 ±4 

MO2) (10'^ cm-2) 1§ 



Notes to the Table: 

* Temperatures are in the antenna temperature scale, Ta- To are line cen- 
ter and peak temperatures, respectively. r,„,s are the fluctuations about 
the zero-T level over the useful bandwidth, Av ~ ISOkms"'. 

* Gaussian values refer to the AC resolution of 0.3 km s"' per channel. 

* Including error estimate from the frequency restoration uncertainty. 
^ For optically thin emission in thermodynamic equilibrium at 30 K. 



the velocity of the self-absorption feature seen in the optically 
thick CO and H2O Unes. 

The Odin data over the full spectral range of about 
180 km s ' are displayed in Fig. |A.7| The reduction from the ini- 
tially available 250km s"' to the finally usable 180 kms"' band- 
width is due to the fact that some of the channels will be lost 
when reducing the data (non-matching alignment; see the figure 
in Appendix A). 

In addition to the line at the O2 frequency, a feature at three 
times the rms level can be seen at the relative Doppler ve- 
locity of +21.0kms"' (Fig. |A.6t . The corresponding frequency 
is 118 742.0 MHz, which coincides with the rest frequency of 
the (32.2 - 2 1.1) transition of ethylene oxide of 118 741.9MHz 
(iPan et al.LII998h . The apparent difference of 100 kHz is within 
the channel separation of 125 kHz. Ethylene oxide, C-C2H4O, 
has been observe d in a number of warm and dense clouds by 
llkeda et aLldMTl) . 



5. Discussion 

5.1. The validity of tlie O2 line detection 

The O2 feature is hurried deeply in the Odin data and its extrac- 
tion requires great care to be taken. This could initially be seen 
as a weakness and therefore calls for a rigorous assessment of 
the validity of the claimed detection. In the following, we will 
present arguments which make the possibility that the observed 
signal is of spurious origin highly unlikely. 

5.1 .1 . Statistical cliaracter of tine noise 

Neighbouring spectrometer channels are not independent of 
each other and the original data have therefore been re-binned to 
the measured width of the line (5 channels, see the Appendix A). 
The resulting distributions of the noise are shown in Fig. [3] 
where the fit to a normalized normal distribution of the com- 
bined data set yields a cr of 3.0 mK. As is evident from Fig. [3] 
the statistical significance of the detection of the O2 line is at the 
5.4cr level. 

The probability that the observed line is a noise feature is 
thus less than 5 x 10"^. Furthermore, and very significantly, 
this line is found at the expected Doppler velocity of the 
p Oph A cloud and since the number of independent velocity- 
channels is of the order of one hundred, this probability is further 
reduced to below 5 x 10"**. This would apply to a single data set 
of observations. This conclusion can be further strengthened by 
dividing the data into two independent data set (see Appendix A) 
and performing the same analysis on both sets. 

As is evident from Fig. lA.7i the line is clearly detected at the 
correct velocity in both data sets A and B, at the level of 4.0cr and 
4.2cr, respectively (see Fig.[3]l. The corresponding probability for 
being pure noise is less than 4 x 10"^ and 2 x lO"*", respectively. 
The probability that a pure noise feature will apeare twice at the 
same channel will therefore be less than 8 x 10"'°. 

5.1.2. Systematic effects 

So far, we have considered the nature of the noise only in a sta- 
tistical sense, but there might of course also be sources of sys- 
tematic errors. Fortunately however, any narrow (< 10 kms"') 
features would be smeared out, when the frequency correction 
for the drift, both from the unlocked receiver and the satellite 
motion, is made. 



4 



B. Larsson et al.: Molecular oxygen in the p Ophiuchi cloud 



Of concern could also be that the integration time spent on 
the hot load is much less than that spent on the source. Therefore, 
as is explained in the Appendix A, we approximated T^y^ with a 
single value to prevent possible spectral artefacts from the hot 
load measurement from entering the observational data. 

Another concern could be that the line in the final spectrum 
is located near the edge of the spectrum. However, more than 
one third of the finally used data stems from the 2003 observing 
campaign. During that period, however, the line was situated in 
the middle of the spectrometer band (see the lower right panel 
in Fig. lA.2l ). Therefore, irrespectively of its location in the spec- 
trometer band, the line is consistently detected at the common 
(correct LSR-) velocity. 

Another problem could be due to leakage from the other 
sideband. However, to the best of our knowledge there are no 
spectral lines in the 2 x 3.9 GHz lower sideband, that could be 
strong enough to be responsible for the detected O2 feature. 
More important, however, is the fact that the applied frequency 
shifts are in the opposite sense in the two bands and that any nar- 
row sideband feature would become smeared out during the data 
reduction process. 

To summarize, we are also in reasonable control of imagin- 
able systematic effects and, hence, able to counter the most obvi- 
ous arguments that would speak in disfavour of the O2 detection. 
Together with the strong statistical arguments, this underlines the 
reality of the O2 line detected by Odin. 

5.2. Comparison with otiierdata 

iGoldsmith et al.l (l2002h have reported a tentative detection of 
the (33 - 12)487 GHz line of O2 toward the pOphAcloud 
with SWAS. Both the velocity (6.0 + 0.3 kms"') and the width 
(4.3 + 0.7 km s ') are incompatible with the Odin observation of 
the 119 GHz line (Table©. 

5.3. Origin of the O2 emission 

It is immediately evident from Fig.|2]that the O2 line is similar to 
the C'**0 (3 - 2) and the C 158a emission and is centered at the 
position of the self-absorption feature of the optically very thick 
CO (3 - 2) and H2O (1 i.o - lo, 1) hnes. Also, the O2 line width 
is consistent with that of the absorption features. As seen from 
Earth, a photon dominated region (PDR) is illuminating the rear 
side of p Oph A, with the cool and de nse cloud core situated in 
front of the PDR ( iLiseau et al.L Il999l) . It is reasonable that the 
O2 emission arises in the molecular core, where nearly a dozen 
methanol (CH3OH) lines have previously been obs erved at vlsr 
- 3.3 5kms~' and with Avfwhm — 1.5 km s"' (iLiseau et al.L 
l2003b . These CH3OH transitions were subsequently found to be 
optically thin. Table[T] reveals that the vlsr and Avfwhm for the 
O2 and CH3OH lines are essentially identical, which suggests 
that the O2 emission is both optically thin (as one would expect) 
and also originates inside the molecular core of p Oph A. 

The spectra in Figs.[2]and|4]show the O2 emission integrated 
over the Odin beam of 10'. Comparison with lines from other 
speci es ideally should be done at a comparable angular resolu- 
tion. iPankonin & WalmslevI (Il978h observed p Oph A in a car- 
bon recombination line (C 158q; at 1.6 GHz) with a beam of 
7^8, close in size to that of Odin. Their beam-averaged vlsr and 
Ai'FWHM were 3.15 +0.05kms"' and 1.43 +0.12kms"', respec- 
tively (see also Fig.[2]i. These values are again very close to the 
corresponding values of the O2 line. In contrast to the methanol 
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Fig. 4. A model fit to the p Oph A cloud, assumed to fill the Odin 
beam, with a column density of molecular hydrogen A^(H2) = 
2 X 10^^ cm"^ and a molecular oxygen abundance of X{02) = 
5 X 10^1 The results for both the 119 GHz and the 487 GHz 
(SWAS and Odin submm bands) lines are shown. According to 
this model, the 487 GHz line with 7'peak_= 2mK is below de- 
tectability (see left-hand panel of Fig. |A.5l ). 

emission, this recombination radiation certainly originates in the 
PDR. 

Based on the available observational evidence, it seems that 
no convincing conclusions regarding the location of the O2 emis- 
sion region can be drawn. The resolution to this problem would 
require the measurement of several O2 transitions, a task which 
will likely be accomplished with the heterodyne instrument HlFl 
aboard HerscheQ, to be launched into space in the 2008 time 
frame. 

5.4. The O2 abundance 

Of interest is the interpretation of these Odin observations 
in terms of the abundance of molecular oxygen, X{02) = 
Jn(02)dz/Jn(ii2)dz - A^(02)/A^(H2). Assuming optically thin 
line emi ssion in thermody namic equilibrium (for a discus- 
sion, see ILiseau et al.Ll2005l) , the observed line intensity implies 
a column density A^(02) - 1 x lO'^ cm"^ (see Table[Tli- This 
calculation assumes a temperature of 30 K, a valu e which has 
been consistently o btained for both the ga s (e.g.. iLoren et al.L 
Il990h and the dust jRistorcelli et all l2007h . The latter authors 
obtained 50' x 40' maps in four FIR/submm wavebands, from 
200 yum to 580yum , using the balloon experiment PRONAOS 
dPaiot et al.Ll2006l) . The data provide constraints on the dust tem- 
perature and the spectral emissivity, which lead to maps of the 
dust optical depth. Assuming a total mass absorption coefficient 
of 5 X 10"^ cm- g"' at 1300//m with frequency dependence 
oc v^, the hydrogen column density is estimated to be A^(H2) = 
1 X 10-^ cm"^. This column density is at th e low end of recent 
estimates, which were based on gas tracers dPagani et al.L 120031 : 

' http: //www. sron.nl/divisions/lea/hifi/ 
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iKulesa et aUl2005h . Therefore, on the 10' scale (10"* cm) of the 
Odin observations, an average value of A^(H2) - 2 x 10^^ cm"- 
is adopted here. 

In conclusion, and acknowledging a factor of two uncer- 
tainty at least, the O2 abundance in the p Oph A cloud is XiOo) - 
5 X 10"^ (Fig.lH). With regard to model predictions (see Sect. 1), 
these results are consistent with either very young material of 
only a few times 10^ yr, which, given the ages of the stellar pop- 
ulation, is unlikely, or more evolved gas at an age of some Myr 
to ten Myr, which requires careful 'tuning' in terms of selec- 
tive desorption and/or specific grain-surface reactions, and thus 
appears unlikely, too. More distinct statements would need to in- 
clude other chemical species in the analysis, which will be the 
subject of a forthcoming paper 

6. Conclusions 

Below, we briefly summarize our main conclusions. 

• Dedicated observations with Odin of the p Oph A cloud at 
119 GHz have revealed a spectral feature at the frequency of 
the O2 {Nj = li - lo) transition. 

• Both the center velocity and the width of this feature are con- 
sistent with other optically thin emission lines from p Oph A. 

• Analyzing the statistical properties of the noise essentially 
rules out the possibility that the O2 feature is entirely due to 
noise in the observations. 

• Specific reduction procedures have been applied to the data, 
which also helped to suppress any possible systematic ef- 
fects. 

• The significance of the line is more than Scr and the beam- 
averaged O2 abundance in the p Oph A cloud is 5 x 10"^. 

Acknowledgements. We wish to express our gratitude to tlie teams at tlie Odin 
operation centers of the Swedish Space Corporation for their skillful and dedi- 
cated work. The very careful reading and constructive criticism of the inanuscript 
by the referee, M. Guelin, is highly appreciated. 

Appendix A: Data reduction 

Except for a short period in the beginning of the Odin mission, 
the 119 GHz receiver has not been phase-locked. This has the 
consequence of both drifts in LO-frequency and stochastic vari- 
ations in the amplifier gain. It is of imperative importance, there- 
fore, that extreme care is exercised when reducing data which 
have been collected with this receiver and which are expected 
to be extremely weak. This is so in order not to create artificial 
signals nor to suppress faint real ones. 

Odin has observed the p Oph A clo ud at 119 GHz on four 
different occasions, viz. in 2001 (see: iPagani et al.L |2003|) . in 
August 2002, in February 2003 and, finally, in February 2006. 
During the early observations (2001 and 2002) the system noise 
temperature was relatively stable, i.e. Tsys ~650K (Right panel 
in Fig. IA.lt . When 'left alone' with the power on, the unlocked 
system is drifting towards lower frequencies in a nearly linear 
fashion. Eventually, the end of the receiver-band is approached, 
resulting in the increase of T^ys- Consequently, in 2003, the sys- 
tem temperature had increased to 750 K. Even worse was the 
system behaving in 2006, when we attempted to support our ear- 
lier observations of the O2 line by additional observations. At 
that stage, Tsys had risen to 1200 K, making these data essen- 
tially of nil value. In addition, the 2001 data were obtained at 
lower resolution and, therefore, the results presented in this pa- 
per are based only on the data collected during the 2002 and 
2003 observing campaigns. 



A.1. Selective data reduction 

Because of the instability of the 1 19 GHz receiver, data collected 
with this instrument are of highly uneven quality. For this reason, 
a sizable fraction of the available data had to be abandoned. In 
the following, we identify and quantify the criteria which we 
applied for the selection of the useful data. 

A.1.1. Gain stability 

When observing with Odin, an astronomical object is blocked 
by the Earth during J 1/3 of the orbit (left panel of Fig. IA.lt . 
The observations were made in Dicke-switching mode, where 
the receiver alternates between the source a nd one of the sky 
beams and the inte rnal hot load (Sect. 2. and iFrisk et all l2003t 
lOlberg et al.Ll2003h . For each orbit, the total integration time to- 
ward the source is therefore limited to 23 minutes. For the entire 
observing period, the total integration time for p Oph A was 136 
hours, partitioned as 77 hr in 2002 and 59 hr in 2003, respec- 
tively. 

In the top panels of Fig. lA.2l the uncalibrated on-source data 
are shown. From the figure, it is evident that the gain is not sta- 
ble, but varies violently. Only data, for which the gain was sta- 
ble or varied only slowly, were selected for further reduction. 
This reduced the integration times to 60 hr for 2002 and 33 hr 
for 2003. 

A.1 .2. Frequency drift correction 

Odin 'sees' the Earth's atmosphere for a third of an Odin revolu- 
tion (left panel Fig. lA.lb . Accurate frequency standards are thus 
provided by the telluric oxygen lines, viz. the A^y = 1 1 - lo line 
of O2 and of its isotopic variant '^O'^O. 

As discussed above, the frequency drift of the 119 GHz re- 
ceiver with time is relatively linear - as long as the receiver stays 
powered on. This was essentially the case in the beginning of 
the Odin mission, when the 119 GHz r eceiver was almost al- 
ways turned on. However, as outlined by iPagani et al.l ( l2003h . it 
became clear relatively soon that O2 observations generally re- 
sulted in non-detections. Parallel 119 GHz observations became 
therefore essentially cancelled, with the aim to keep the O2 line 
within the receiver band as long as possible. 

Henceforth, the O2 receiver was powered on only for times 
when a dedicated oxygen search was performed. However, ini- 
tially (during the first few orbits) when the receiver is turned on, 
the drift is fa st and highly non-lin ear (lower panels Fig. lA.2b . As 
described bv lLarsson et alj ( l2003l) for the 572 GHz receiver, this 
drift is temperature dependent. 

A thermistor is placed at the Dielectric Resonator Oscillator 
(DRO). It has been established empirically that the frequency 
drift of the unlocked system correlates well with the temperature 
measured there (upper panel Fig. lA.3b . During any given single 
orbit, the frequency variations should be small, however. This, 
in fact, has been confirmed by means of monitoring the atmo- 
spheric portion of the orbit, as is shown in the lower panels of 
Fig.lAJ] 

With this good understanding of the behavior of the receiver 
and spectrum analyzer, the frequencies during the actual obser- 
vations of the astronomical sources can be restored to high preci- 
sion. We iterate here that the reliability of the reduction method 
had been demonstrated earlier by the successful reconstruction 
oftheHC3N(y= 13-12) U ne at 1 18 270.7 MHz in a number of 
sources (e.g., for DR21, see iHiaknarson et all l2005l) . Although 
we had shown that our reduction method works well and reli- 
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Fig. A.l. Selection procedure of usable data to be analysed - step 1. Left: The total power (in instrument units) during an orbit is 
shown. The colour coding is as follows: red - internal hot load (uppermost curve), blue = on source (intermediate) and green = 
sky measurement (lowest). The dashed rectangular boxes show the times of telluric atmosphere observations. Right: System noise 
temperature, T^ys, during the four observing runs in 2001, 2002, 2003 and 2006, respectively. The red rectangu lar box identifies th e 
selected data; 2001 data are of lower resolution and were, as such, excluded from the present analysis (but see: |Pagani et al.Lr2003h . 



ably, none of the data with high drift rates (in the beginning of 
the observing periods in 2003) have, after all, been used in the 
present analysis (see boxes in the right lower panel of Fig. lA.2l ). 

A.2. Final data selection 
A.2.1. Baseline removal 

The observations were done in Dicke-switching mode, alter- 
nating between the 10' main-beam, one of the 4°7 sky-beams 
(pointing off by 42°), and the internal hot load. The calibrated 
signal, in the antenna temperature scale, is therefore given by 



^On - ^! 



Sky 



^On - 1: 



Sky 



^Load - ^Sky 



^Sky 



(A.l) 



On the basis of the observation of other optically thin lines, 
the O2 line toward p Oph A is expected to be rather narrow. In 
order not to include possible artificial spectral features from the 
hot-load an average value around the line was used for the sys- 
tem noise temperature and adopted for the entire band, i.e. 



T - 

^ sys 



^Sky 



'Load ■ 



■ ^Sky 



(A.2) 



As back-end a digital autocorrelator (AC) was used. Using 
all 8 available correlator-chips gives a single band with 
resolution of 292 kHz (with channel separation - 125 kHz 
or 0.32kms"') and bandwidth 100 MHz (corresponding to 
250 kms"'). The main beam and the sky-beams do not match 
perfectly, implying that the calibration results in a curvature over 
the band. An off-position, supposedly free of molecular emis- 
sion, and 900" north of pOphA was also observed and these 
data could have been used to correct for the baseline residual. 
However, since the time spent on the off'-position was much less 
than that spent on the on-position, the noise level in the differ- 
ence spectrum would have been dominated by the observation of 
the off-position. 

We resorted therefore to another method for the baseline re- 
moval. During the orbit about the Earth, the central Doppler- 
velocity of the line changes within the interval -7kms ' to 



+7kms '. Averaging over one or more orbits will therefore 
cause any narrow line to be smeared out. So for every observ- 
ing period, a "super baseline" was constructed (and smoothed) 
and removed from every individual spectral scan during that pe- 
riod (bottom panels Fig. |A.4t . This resulted finally in a useful 
integration time of 36 hr in 2002 and 19 hr in 2003 (47% and 
32% of total on-time, respectively; see Sect. A. 1.1). 

A.2.2. Noise behaviour and presentation of spectra 



In the left panel of Fig. |A.5l the rms noise of the finally se- 
lected data set is shown as a function of the integration time. The 
119 GHz data follow the theoretical prediction for white noise 
reasonably well to the resolution of the spectrometer, 292 kHz 
or a little more then 2 channels (right panel Fig. |A.5t . As a final 
reduction step the spectrum was passed through a Hanning filter 
of a 3 -channel width to accommodate the resolution of the spec- 
trometer As seen in the right panel of Fig. |A.5| the result of this 
was that the effective resolution deteriorates to about 4 channels 
or 500 kHz. 

The finally reduced data are shown in Fig. |A.6l The spectrum 
reveals two line features clearly above the noise level. These are 
the O2 (A^y = li - lo) line and a feature that coincides in fre- 
quency with C-C2H4O (32,2 - 2ij). In order to gauge the real- 
ity of these detections the data set was divided into two halves 
(Figs. lA.4l and lA.7l i. Obviously, the O2 spectral feature is clearly 
seen in both spectra, lending further confidence to the reliability 
of the reduction method. 
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Fig. A.3. Frequency drift correlation with thermistor temperature (at the DRO). Upper panels: Measurement of the center channel 
for the 11 9 GHz oxygen line, when entering and leaving the Earth's atmosphere, respectively. The red full-drawn line designates 
the inverse DRO-temperature, scaled in absolute level to the distribution of center channels, the assigned 'error bars' of which are 
+0.5 channel widths. The shaded areas mark the selected data. Lower panels: As above, but for a single orbit. The shaded areas 
indicate the measurements of the center channel of the oxygen line for the entire passage of the Earth's atmosphere. The hight of 
the shaded areas correspond to the error estimates of ±0.5 channel widths and the full-drawn line is the inverse DRO-temperature 
variation over the whole orbit. 
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Fig.A.4. Selection procedure of usable data to be analysed - step 4. Top panel: On source calibrated data (mean power) Bottom 
panel: Final selected data after baseline removal. The bars, A and B, marks the division of the data set into two equal parts. 
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Fig. A.5. Left: Noise temperature as a function of integration time {ton)'- Thin and thick lines are for ideal rms noise for Tsys of 
640 K (2002) and 720 K (2003), respectively and a resolution of 292 kHz. The dashed line refers to the expected rms-level of the 
487 GHz line of O2 (see the text and Fig.|4]i. Right: Autocorrelation of the finally reduced spectrum. Dotted line: before using a 
Hanning filter Full line: after using a 3-channel-wide Hanning filter Dashed Une: the 292 kHz spectral resolution. 
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Fig.A.6. Final: The final spectrum {T\ in mK versus i'lsr in kms '). Besides the O2 line near zero LSR-velocity, also another 
feature is discernable at about +20 kms"' (see the text). Manning: The same spectrum after being smoothy by a Hanning filter (3 
channels). 
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Fig. A.7. The finally reduced spectral data, which have been divided into two halves A and B (see lower panels in Fig. lA.4l) . showing 
the presence of the O2 feature also at these reduced observing times. 



